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ABSTRACT

Studies of the starting process and boundary-layer growth have been
conducted in the conical nozzle of a reflected-shock tunnel using air as the
test gas. These experiments were performed at shock-tube Mach numbers of 16.5
and 11.6, with corresponding initial driven-tube pressures of 0.5 and 10.0 mm Hg
respectively. The ratio of the throat diameter to the shock-tube diameter was
approximately 0.1. The time required to establish uniform flow in the nozzle
was found to increase approximately linearly with axial distance from the
throat. The duration of uniform flow was determined at several locations using

microwave-interferometer, radiation-intensity, and pitot-pressure measurements.

The boundary-layer displacement-thickness growth on the nozzle wall was

determined for both of the aforementioned experimental conditions using the
measured velocity and density profiles. Good agreement was achieved between
measured and theoretical pitot-pressures at comparable inviscid area ratios.
In the experiment using the higher driven-tube pressure the measured wall static
pressure agreed well with calculated values at the nozzle center line. However,
in the case of the lower driven pressure, comparison of the measured wall static
pressure with the theoretical value implied the existence of a substantial

pressure'gradient normal to the wall.

A summary of experiments conducted under other support to ascertain the
range of validity of the equilibrium-interface concept as used in shock-tunnel
operation is also presented. The test gas in these experiments was either air
or nitrogen, and the driver gas was either hydrogen or helium. The driven-tube
initial pressure was held fixed at 10.0 mm Hg and the Mach number varied from
7.3 to 12.2. The composition of the driver gas was found to be particularly
important. With hydrogen used as the driver gas the increased enthalpy levels
implied by the pressure data in the equilibrium interface region were apparently
not achieved. With helium used as the driver gas the results suggested that
the equilibrium-interface concept may be valid at substantially over-tailored

incident-shock Mach numbers.
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1. INTRODUCTION

The research reported here was motivated by an interest at Cornell
Aeronautical Laboratory in the use of the shock-tunnel to study reaction-rate
constants for nonequilibrium electron-recombination processes in an expanding
flow environment. The purpose of this report, is to discuss the studies of the
nozzle starting process and sidewall boundary-layer growth that were necessarily
conducted prior to measurement of the reaction-rate constants. The starting-
process data are important for choosing the proper test time out of the total
run time. The boundary-layer data are important for understanding the inviscid

gasdynamics of the flow.

Knowledge of the uniformity of the shock-tube flow is also of importance
to the study of nozzle flows, since it is the reflected-shock processed gas that
ultimately expands in the nozzle and becomes the test gas. Studies aimed at
obtaining this information have previously been performed in the shock tube used
here, and are reported in Reference 1 for incident-shock Mach numbers comparable

to those of interest in this work.

The present experiments were conducted in a 13°-half-angle nozzle having a
horizontal axis collinear with that of the shock tube. The test gas after
having been processed by both the incident and reflected shocks enters the
nozzle through a throat of diameter equal to 0.1 of the driven-tube inside
diameter. Two experimental conditions were investigated in detail. 1In the
first of these, the incident-shock Mach number (The Mach number discussed
throughout this report is that measured near the shock-tube end wall) was 16.5
and the initial driven tube pressure was 0.5-mm Hg air. For the second condition,
the incident-shock Mach number was 11.6 and the initial driven-tube pressure

was 10.0-mm Hg air.

Several authors, References 2-9, have studied the flow phenomena associated
with the process of starting a hypersonic shock-tunnel nozzle. References 2

and 3 present experimental results applicable to a non-reflected shock tunnel.



References 4 and 5 contain theoretical treatments of the starting process for
this type of shock tunnel whereas Reference 7 is a similar study for a reflected
shock tunnel. Limited experimental data are presented in References 6,8 and 9
for the starting process in reflected-shock tunnels. In the present experiments
a more detailed study of the starting process has been made in that measurements
of radiation intensity, phase shift and attenuation of microwave energy, sidewall
pressure, pitot pressure, and stagnation-point heat-transfer rate have been obtained
at several axial locations in the nozzle. Of these diagnostic techniques the
radiation intensity and microwave interferometer measurements were found to be
the most sensitive indicators of the onset of uniform nozzle flow. The
theoretical calculations of C.E. Smith7 were performed for a shock-tunnel
geometry similar to that used here. For this reason his model of the starting

process was used to aid in interpreting the experimental data.

The nozzle boundary-layer was investigated with the aid of radial surveys
of pitot pressure and stagnation-point heat-transfer rate at several axial
locations in the nozzle. These measurements were used to deduce the local
velocity and density relative to the corresponding values on the nozzle center-
line and the experimentally determined profiles were used to calculate the
appropriate boundary-layer displacement thickness. Several authorle—ZO have
proposed techniques that may be used to calculate boundary-layer growth on the
wall of a conical nozzle and the present results could be used to test these
techniques. However, the major emphasis of this report has been placed on the
experimental measurements with only a limited comparison with theory. Two
particular prediction techniques, described in References 11 and 14, have been
selected as typical and the experimentally determined boundary-layer and dis-

placement thicknesses are compared with these.

A brief review is presented of shock-tunnel experiments conducted under
other support21 to investigate the feasibility of achieving enthalpy levels
greater than those that can be achieved at the tailored-interface Mach number,
the condition at which the shock wave reflected from the end wall passes
through the interface without reflection. For shock-wave Mach numbers greater

than those for which the interface is tailored, it has been suggested by
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Hertzberg, et al.22 that after the initial shock reflection from the interface,
subsequent reflections are sufficiently weak so that the remaining compression
is isentropic as the interface is brought to rest. This latter region has

been termed the equilibrium-interface region. Copper

has made pressure,
heat-transfer rate, and gas sampling measurements in a nozzle which suggested
the validity of this concept. The same diagnostic techniques used in the
starting-process studies described earlier in this section were used to
investigate the possibilities of realizing these increased enthalpy levels.
Experiments were conducted for Mach numbers ranging from 7.3 to 12.2 with
either air or nitrogen as the driven gas. The driver gas was either heated
hydrogen or heated helium. The results of the equilibrium-interface experi-
mental program were not encouraging. With hydrogen as the driver gas only a
small enthalpy increase was obtainable in the equilibrium interface region.
With helium as the driver gas the enthalpy levels in the equilibrium-interface
region appeared to be greater than those immediately after shock reflection.
However, these increased enthalpy levels were significantly less than those

attainable in the reflected-shock region with a hydrogen driver.

In Section 2 the experimental apparatus and types of measurements taken in
the shock tube and the nozzle are described in detail. The test results relating
to the nozzle starting process duration of uniform nozzle flow, and boundary-
layer growth are described in Sections 3,4;5, and 6 respectively. Measurements
obtained in the equilibrium-interface region are discussed in Section 7.

Typical data records pertinent to each of these subjects are also presented.



2. EXPERIMENTAL APPARATUS AND TECHNIQUE

A pressure-driven shock tube was used to produce a reservoir of high-
temperature gas which was subsequently expanded in a conical nozzle. In the
shock tube visible and near infrared radiation intensity, pressure, and side-
wall temperature were measured. Measurements taken in the nozzle included
electron density, visible radiation intensity, pitot and sidewall-static
pressure, and stagnation-point heat-transfer rate. In the following para-
graphs, the shock tube, the nozzle, and the type of instrumentation utilized to

make measurements in each flow region are briefly described.

2.1 Shock-Tube and Nozzle Design and Operation

The shock tube utilized in this work is pressure driven and has a three-
inch inside-diameter driver tube which is 9.0 ft. in length (see Figure 1).
The driven tube is 98 ft. long and has a six-inch inside diameter. Provision
is included for heating the driver gas to a maximum temperature of 760°F. The
maximum driver pressure is 15,000 psi. Diaphragms initially separating the
driver and driven tubes are ruptured using a double-diaphragm technique. The
last two feet of the driven tube is essentially an instrumentation section
which has a total of thirteen observation ports within 5 3/4-inches from the
end wall and two at the end wall. The remaining portion of the driven tube
has diametrically opposed observation ports located at axial intervals of two

and four feet.

The shock-wave velocity is obtained over the last 18.6 feet of driven
tube using thin-film temperature gauges mounted flush with the wall. The
first four intervals are approximately 4 ft. and the last interval is approxi-
mately 2.6 ft. Electronic counters, started and stopped by signals from the
thin-film gauges, are used to measure the time elapsed for shock-wave passage
between stations. The last thin-film gauge is located 3 1/4-inches from the

driven-tube end wall.



A detailed view of the nozzle throat design and appropriate dimensions
is also presented in Figure 1. The entrance to the nozzle throat was less
than one throat diameter (0.591 inches) in length. The diameter of the
entrance to the throat was only slightly greater than the throat diameter as
is shown in Figure 1. Beyond the throat the passage diverges rather slowly
and becomes tangent to the nozzle wall at a location 2.75-inches downstream.
A 0.002-inch-thick mylar diaphragm is used to separate the driven tube from

the nozzle thus permitting evacuation of the nozzle while the driven tube is
loaded.

The conical nozzle used in these experiments has a half-angle of 13°
and is constructed of Fiberglas. The exit diameter of the nozzle is approxi-
mately 35 inches and the over-all length is approximately 77 inches. The
nozzle has 26 instrumentation ports at axial intervals of 10.0-inches with
the first set located 11.5-inches from the throat. The first and last stations
have three ports whereas the intermediate locations each have four ports
located on the horizontal and vertical axis. The instrumentation ports are
large enough to contain the microwave interferometer horns. The nozzle is
initially evacuated to a pressure of approximately 10_3 torr. The leak rate
was such that at the time of driven-tube diaphragm rupture, the pressure in the

nozzle was of the order of 1.0 to 10 microns.

2.2 Shock-Tube Instrumentation

2.2.1 Radiation-Intensity

Radiation intensity behind the incident shock was measured
with an RCA 1P28 photomultiplier tube which is sensitive in the spectral
region 0.2 to 0.6 microns. The photomultiplier tube viewed the plasma through
a teflon tube, 1/16-inch inside diameter by 3-inches in length which

terminated at a 1/8-inch-thick sapphire optical window in the shock-tube wall.

Measurements of radiation intensity in the spectral range

0.35 to 1.13 microns were made in the reflected-shock region looking normal



and parallel to the tube axis. These measurements were taken at 3/4-and

3 1/4-inches from the end wall and at the end wall respectively. Silicon
photodiodes (EGG model SD-100) were used to make these measurements. These
detectors also viewed the reflected-shock processed gas through a teflon tube,
1/16-inch-inside diameter by 3-inches in length, terminating at a 1/8-inch-

thick sapphire window.
2.2.2 Pressure

A Kistler 603-A pressure transducer was mounted two feet up-
stream of the photomultiplier tube. The transducer was coated with an insulat-
ing compound to reduce its temperature sensitivity. Experiments were per-
formed to confirm that this coating had no effect on the response time of the

instrument.

The pressure transducers used in the reflected-shock region
were shock-mounted Kistler 603-A transducers. Measurements were made of
end-wall pressure, and sidewall pressure at 3/4- and 3 1/4-inches from the

end wall.
2,2.3 Wall-Temperature and Heat-Transfer
Standard thin-film platinum gauges were used to measure the
sidewall temperature behind the incident shock. Heat-transfer rates were

determined from the surface-temperature measurements using the analog network

suggested by Skinner.25

2.3 Nozzle Instrumentation

2.3.1 Radiation-Intensity

Radiation-intensity measurements were made at several locations

in the nozzle using RCA 1P28 photomultiplier tubes. The photomultiplier tube



viewed the plasma normal to the nozzle axis through teflon tubes and sapphire

windows similar to those used for the shock-tube measurements.
2.3.2 Microwave-Interferometer

Microwave interferometers with operating frequencies of 142,
35, and 17 GHz were used in the nozzle to aid in the understanding of the
nozzle gasdynamics and to measure the local electron density. The interfero-
meter measurements were obtained at several axial locations. The microwave
energy enters and leaves the plasma via thin mylar (in the case of the 142 GHz
interferometer) or quartz (in the case of the 35 and 17 GHz interferometers)
windows which had a maximum diameter of 1.2 inches. The phase shift and
attenuation of the transmitted signal are measured separately as are the
incident and reflected power. Two interferometers 142 and 35 GHz, were operated

at the same axial distance from the throat to obtain a comparative check on the

two systems.
2.3.3 Pressure

Pitot-pressure surveys normal to the nozzle axis were obtained
at axial distances from the throat of 28, 38, 48 and 68 inches using flush-
diaphragm piezoelectric pressure transducers.* These instruments have 1/4-inch
diameter diaphragms, a sensitivity nominally equal to 1/2-volt per psi, and a
nominal response time of 40 4« sec. They were flush mounted in a holder which
was 1/2-inch in diameter and approximately 3 inches in length. From five to

eight probes were mounted in each rake and were aligned with the nozzle throat.

The pressure transducers described in the preceding paragraph
were also used to measure sidewall static pressure at each of the nozzle
instrumentation stations. The transducer diaphragms were mounted flush with

the nozzle wall.

*
This flush-diaphragm transducer was developed earlier at CAL by
Mr. R. MacArthur of the Hypersonic Facilities Department.



2.3.4 Stagnation-Point Heat-Transfer Rate

Stagnation-point heat-transfer rate distributions normal to the
nozzle axis were obtained at axial locations of 11, 21, 31, 41, 51, and

' 71-inches from the throat using twelve thin-film platinum gauges and the
analog network mentioned in Section 2.2. The gauges were fired on pyrex rod,
the diameter of the rod depending upon the particular axial location. At the
11-inch location the rod diameter was 1/8 inch, at the 21-inch location it

was 5/16 inch, and at all other locations the rod diameter was 1/2 inch. At
the first two axial locations the gauges were nominally 0.10-inches in length
and 0.03-inches in width. The thin-film gauges at axial locations of 3l-inches
and greater downstream were nominally 0.18 inches in length and 0.04 inches

in width. Each gauge was calibrated prior to the experiment. Good agreement
was obtained between the room temperature resistance of the gauges measured

after the experiment and the pre-experiment value.
2.3.5 Langmuir-Probe

Langmuir probes were used in the nozzle to ascertain the uni-
formity of the fluid flow. The tips of the probes were located 26.4 inches
downstream of the throat. The probes were 0.004 inches in diameter and
approximately 0.20-inches long. Three probes were mounted in a sharp-wedge
model at this axial location. The period of uniform flow was established
for each experimental condition by using a fixed bias voltage on the probes,
Having done this, the bias voltage on the centerline probe was swept from -10
to +10 volts in a period of time somewhat less than the corresponding duration
of uniform flow. The two remaining probes were held at fixed bias voltage so

that a current-voltage consistency check could be made on the swept probe.



3. NOZZLE STARTING-PROCESS MEASUREMENTS

The nozzle starting process discussed in this section and boundary-layer
growth experiments discussed in Sections 5 and 6 were conducted at two experi-
mental conditions and consisted of approximately 100 separate experiments.
Both the quantitative and qualitative characteristics of the experimental
data were reproducible. At the first of these experimental conditions the
test gas was air at an initial driven-tube pressure of 0.50 mm Hg and the
nominal incident-shock Mach number was 16.5. This shock-wave velocity and
initial pressure resulted in a reflected-shock reservoir temperature of
7800°K, computed using the results of Feldman,26 and a measured reflected-
shock reservoir pressure of 3.74 atmospheres. The measured pressure was
within a few percent of the theoretical value of Reference 26. The second
experimental condition consisted of air at an initial driven-tube pressure
of 10.0 mm Hg and a nominal incident-shock Mach number of 11.6. For this case,
the computed reflected-shock reservoir temperature was 6830°K and the measured
reflected-shock reservoir pressure was 25 atmospheres. Once again, the

measured pressure was in excellent agreement with the theoretical value.

The results of the study described in the preceding paragraphs are

discussed in the remainder Qf the text.

3.1 Shock-Tube Flow Conditions

Knowledge of conditions behind the incident shock and in the reflected-
shock reservoir of the shock-tube is fundamental to the interpretation of the
gasdynamics of the nozzle flow. Experiments have been performed in the shock
tube used here in order to obtain this information and the results are
reported in Reference 1. The results of that work which are particularly
relevant to the current study are briefly summarized in the following para-

graph.



The measured incident-shock test times for both laminar and turbulent
boundary-layer flow were found to be in excellent agreement with the theories

of Mirels.27’28

Microwave interferometer measurements indicated that the
electron density behind the incident shock was in good agreement with the
theoretical equilibrium value. These results suggested the absence of any
easily ionizable impurities and was particularly important to the success of

the electron-recombination measurements to be conducted in the nozzle. In
addition, the reflected-shock laminar boundary-layer interaction29 is believed
to have an influence on the sidewall pressure, but negligible effect on the
uniformity of the inviscid reflected-shock gasdynamics. It is not the intention
to imply that the interaction does not have an influence on the time duration

of the uniform reservoir.

3.2 Model of Starting Process

Wave diagrams for the starting process in shock tunnels have been given

2-9

by several authors. As previously noted, much of this work has been directly

b

applicable to non-reflected shock tunnels. In some cases the initial pres-

sure in the shock tube and in the nozzle were equal. The work of Glick, et a1.4
was directed primarily towards the case in which the nozzle length was short
compared with the test-section length. The studies of References 6-9 are more

closely related to the present case.

The model used by C.E. Smith7 in his theoretical study of the reflected
shock-~tunnel starting process is shown in Figure 2. The early-time flow near
the diaphragm is similar to shock-tube flow in that there is a primary shock,
contact surface and expansion fan. The expansion fan is followed by the quasi-

steady flow of gas in which shock-tunnel experiments are normally performed.

In the present experiments the nozzle is initially evacuated to a very
low pressure so that behind the primary shock one would expect a high tempera-
ture, low-density flow followed by a lower-temperature but higher density flow

between the contact surface and the tail of the expansion fan. Through the

10



expansion fan the pressure, density and temperature of the gas must adjust to

the conditions associated with the quasi-steady flow.

Smith's results indicate that the primary shock and the tail of the
expansion fan would pass a given nozzle location in a time relatively short

compared to the time required for passage of the expansion fan.

The velocity of the primary shock, which strongly depends upon the initial
temperature and pressure ratio across the diaphragm, decreases as it moves down
the nozzle because of the increasing cross-sectional area. Friedman30 explains
that this interaction results in the appearance of a secondary shock of
increasing strength which is initially located at the tail of the expansion
fan. The implication of his work is that this shock must eventually appear
regardless of the initial nozzle pressure. The secondary shock had been
detected experimentally several years before Friedman's work by Parks3 and
Hall31 for the case of the nozzle and driven tube initially at the same pres-

sure.

3.3 Pitot-Pressure and Stagnation-Point Heat-Transfer Rate Measurements

Pitot-pressure and stagnation-point heat-transfer rate measurements were
obtained at several axial locations as the initial step in attempting to under-
stand the gasdynamics of the nozzle flow. For the purposes of this report, the
starting-process discussion will be confined to a presentation of the results
obtained for an initial driven-tube pressure of 0.5 mm Hg air. The results
obtained for an ‘initial pressure of 10.0 mm Hg are similar and thus are not
discussed. Figure 3 presents pitot-pressure results obtained at 28, 38, 48
and 68-inches from the nozzle throat which illustrate a uniform pressure
increase to a pressure plateau. The character of this pressure increase is
qualitatively consistent with that expected through an expansion fan and there
are no obvious indications of the shocks or interface preceding the fan. It
will be shown later in this section that the values of the pressure plateaus

shown on Figures 3 (a), (b), and (c) are in excellent agreement with the pitot

11



pressures calculated from a one-dimensional, steady-flow solution of an expand-
ing gas. The time required to achieve a uniform pressure level after the
arrival of the initial disturbances is denoted as nozzle starting time and is
shown in Figure 3. Figures 3 (b), (c) and (d) are all triggered from the

same location so that time events are directly comparable on these records.

The character of the pitot-pressure measurements is typical of an expansion
fan suggesting that this diagnostic does not record the presence of the primary
shock, contact surface or a rearward-facing secondary shock. Because of the
low initial pressure in the nozzle the pressure rise across the primary shock
can be shown to be too low to be recorded on the pressure scale of Figure 3.

The secondary shock would not appear if the tail of the expansion fan and the
secondary shock are close together in time, because the response time of the

pressure transducers may not be sufficient to resolve the two events.

Pitot-pressure measurements could not be obtained at locations closer
to the throat than 28-inches. However, stagnation-point heat-transfer rate
measurements were obtained nearer to the throat and typical results are shown
in Figure 4 for axial locations of 11, 21, 41, and 51-inches. TFigures 4 (b),
(c) and (d) were all triggered from the same location. However, these records
were not triggered from the same location as Figure 3 (b), (c) and (d). The
time required to achieve uniform heat-transfer rate is marked on the data
records as nozzle starting time. The starting times measured from the
stagnation-point heat-transfer data are in good agreement with those obtained

from the pitot-pressure results.

3.4 Sidewall-Pressure Measurements in Nozzle

Sidewall-pressure measurements were obtained at axial locations of 11.5,
21.5, 31.5, 41.5 and 51.5-inches from the nozzle throat. Figure 5 is typical
of such a measurement obtained at 21.5-inches. The initial 20-microseconds of
pressure rise is rapid and is followed by a more gradual but uniform increase
to 3 uniform pressure level. It is possible that the initial signal received

by the sidewall pressure transducer is a result of the primary shock. The

12



static pressure behind the primary shock was computed for this experimental
condition and found to be sufficient to provide a measurable signal at the
transducer sensitivity being used. If the initial pressure disturbance is due
to the primary shock, then the experimental data are consistent with Smith's7
suggestion that the primary shock and the tail of the expansion fan are close
together in time since the nozzle starting time deduced from these measure-
ments is in good agreement with that obtained from the pitot-pressure measure-

ments.

3.5 Microwave-Interferometer Measurements

Figure 6 presents a typical microwave-interferometer (142 GHz operating
frequency) data record taken at 11.5-inches from the nozzle throat. The
arrival of the initial disturbance is readily observed as a very sharp
increase in the phase shift of the incident microwave energy which suggests a
very rapid increase in the local electron density. Passage of the primary
shock should not be observed by an interferometer operating at this frequency
because of the low initial pressure in the nozzle which would result in a
relatively low electron density between the primary shock and the contact
surface. In any event, the time required to achieve a reasonably uniform

electron-density level is apparent from this data record.

3.6 Radiation-Intensity Measurements

Radiation-intensity measurements obtained in the nozzle at axial locations
of 11.5- and 21.5-inches from the throat are presented in Figure 7. The
corresponding radiation-intensity data record obtained in the reflected-shock
reservoir at 3/4- and 3 1/4-inches from the end wall are given in Figure 8.

The reflected-shock radiation-intensity record indicates that the reservoir
from which the test gas was expanding remained rather uniform for a period
of approximately 130 msec. The first measurable signal detected in radiation-
intensity data records obtained in the nozzle and shown in Figure 7 (occurring

at approximately 30 sec after sweep initiation) is not felt to be associated
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with the starting process because this signal is recorded at the same time by
all of the photomultiplier tubes independent of axial location. The starting
process is observed as a large increase in radiation intensity followed by a
marked relaxation to a plateau value. On the basis of these data records it is
not possible to ascertain whether this sudden increase in radiation intensity
is associated with the primary shock or the expansion fan. It is clear that
through the expansion fan the temperature and density of the gas must increase.
However, the sharp radiation-intensity decrease shown in Figure 7 cannot be
explained by the expansion fan. Several experiments were conducted in an
attempt to determine the cause of the radiation-intensity peak. The results

of these experiments will be discussed in Section 3.8.

3.7 Comparison of Starting-Time Results

Before continuing the discussion of the radiation-intensity peak it is
perhaps appropriate to compare the results obtained from the diagnostic
techniques discussed in Sections 3.3 to 3.6. The indicated times of first
disturbance obtained from the sidewall static-pressure and microwave-inter-
ferometer measurements are noted on the radiation-intensity data records of
Figure 7 for comparison purposes. At all locations, the sidewall pressure data
suggested earlier measureable signals than did the microwave interferometer,
but later initial signals than the photomultiplier tubes. It is interesting
to note that the first disturbance measured with the microwave interferometer
occurred at a time approximately equal to that of thg radiation-intensity

peak.

The time required to establish uniform flow at a given nozzle location
can be estimated by an integration of a (x- a) wave wheré the values of u
and a are obtained from a quasi steady-state calculation of the gasdynamic
variables. Such a calculation has been performed and the times obtained
by integrating the quantity 2‘=JC§%§5are shown on Figures 7(a) and (b). The
calculated times required to achieve uniform flow are shown to be in reasonably
good agreement with the beginning of uniform flow marked on the data records.

Both real gas and boundary-layer influences were included in this calculation,
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Figure 9 presents the axial variation of the time required to achieve
uniform nozzle flow after arrival of the initial disturbance as obtained
from the various diagnostic techniques discussed in the preceding paragraphs.
The pitot pressure data suggest a significantly shorter time required to
achieve uniform flow after arrival of the initial disturbance because this
diagnostic tool fails to detect the primary shock and the contact surface
as noted in Section 3.3. With this reservation, it is concluded that all
of the diagnostic techniques discussed are effective for determining the

nozzle starting time.

3.8 Influence of Nozzle Pressure on Starting Process

It was noted in Section 3.6 that experiments were conducted in an effort
to determine the cause of the large radiation-intensity spike shown on
Figure 7. Radiation-intensity measurements were performed to assess the
influence of initial nozzle pressure and the influence of diaphragm particles
on these data records. Diaphragm particles apparently were not responsible
for the observed radiation-intensity spike since measurements obtained at
comparable tube and nozzle conditions with and without the diaphragm gave similar

results.

Figure 10 illustrates the influence of initial nozzle pressure on the
magnitude of the radiation-intensity spike. Although the driven and driver-
tube conditions are different from those of Figure 7 they are similar to those
discussed later in this report and the data are considered to be representative
of the nozzle gasdynamics discussed throughout this report. Comparison of
Figures 10(a) and 10(b) indicates that the magnitude of the radiation-intensity
spike is significantly influenced by the initial nozzle pressure. The exact
source of the radiation-intensity spike cannot be identified from this result.
However, since only the gasdynamic parameters between the primary and secondary
shocks should have been altered by the increased pressure, it would appear that
the radiation spike is associated with that region. Figﬁre 10(a) illustrates
what appears to be an expansion fan immediately following the radiation-intensity

spike. In experiments conducted at higher initial nozzle pressures the initial
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radiation-intensity tends to mask the expansion fan either because the secondary
shock moves back into the fan or because of the larger spike signal coupled

with the imperfect resolution of instrumentation. It is important to observe
that the magnitude of the radiation intensity during that portion described

as uniform flow was identical in both experiments. In addition, the duration
of uniform flow is only slightly influenced by the initial nozzle pressure.

The technique used to determine the nozzle starting time from the radiation-

intensity data is illustrated on Figure 10.
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4. DURATION OF UNIFORM NOZZLE FLOW

The duration of uniform flow in the nozzle has been deduced for the
0.5 mm Hg experiment from the radiation-intensity (Figures 7, 10), microwave-
interferometer (Figure 6) and the pitot-pressure (Figure 3) measurements and
the results are presented in Figure 11. The stagnation-point heat-transfer
rate measurements presented in Figure 4 are not very useful for determining
this quantity. Microwave-interferometer and radiation-intensity measure-
ments, which are considered to be the most sensitive indicators of uniform
flow, were difficult to obtain beyond 21.5-inches from the throat. Pitot-
pressure data on the other hand could not be obtained upstream of 28 inches
and there was no overlap of the pitot-pressure data with the radiation-
intensity and interferometer data. There is a suggestion in Figure 11 that
the duration of uniform flow as deduced from pitot-pressure measurements may
be significantly greater than the actual duration. The results presented in
Figure 11 indicate that in some cases the radiation-intensity measurement
indicated a somewhat greater uniform-flow period than did the microwave
interferometer. This is probably not a result of the accuracy of the two
diagnostic tools but rather it is related to the degree of arbitratiness

with which one chooses the end of the useful flow period.

For this experimental condition, all of the results obtained at 11.5
inches indicate that there is at least 60 wsec of uniform flow and at 21.5
inches there is at least 80 wsec of uniform flow. It is believed that at
50 inches the duration of uniform flow is on the order of 140 msec rather than

the period of 200 usec suggested by the pitot pressure data.

4.1 Nozzle Measurements at Increased Driven-Tube Pressures

The experimental results discussed in the preceding sections were appli-
cable to an initial driven-tube pressure of 0.50 mm Hg air and a nominal Mach
number of 16.5. Similar measurements were obtained for an initial driven-tube

pressure of 10.0 mm Hg air and a nominal Mach number of 11.6. The character
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of the nozzle starting process determined using the same diagnostic techniques

as previously described, was similar to that previously discussed.

Figure 12 presents a comparison of the reflected-shock radiation intensity,
taken 3/4 and 3 1/4-inches from the shock-tube end wall, with radiation inten-
sity measured in the nozzle at 21.5 inches from the throat. What appears to be
a portion of the expansion fan can be seen on Figure 12 (b) and is followed by
a uniform plateau of approximately 260 #sec duration which represents the test
gas. An integration of (« - a) was also performed for this experimental con-
dition in order to estimate the time at which uniform flow should be expected.
The resulting time is noted on Figure 12 (b) and shown to be in good agreement
with the beginning of the radiation-intensity plateau just discussed. This
plateau in radiation intensity, representing the test time, is terminated by
a large increase in intensity which was not observed at the previous experi-
mental condition. 1In Figure 12 (b), the radiation-intensity increase that
terminates the uniform-flow plateau attains a peak which is approximately 50
percent greater than the plateau value. The cause of this increasing radiation
is not evident from the reflected-shock radiation-intensity record of Figure 12(a).
However, the radiation-intensity recorded by the upper trace of Figure 12(a) is
significantly different from the corresponding intensity recorded for the
0.5 mm Hg experiments shown in Figure 8. The principle difference between
the reservoir radiation-intensity records is that the magnitude of the intensity
decrease, which terminates the duration of the uniform reflected-shock period,
does not fall to the base line but rather decreases by approximately 50 percent
and then reaches another relatively constant value. It is not possible to
determine from these radiation-intensity records the magnitude of the corres-

ponding translational temperature decrease.

For many of the experiments conducted at 10.0 mm Hg, the uniform flow
period in the nozzle was terminated by an even greater increase in radiation
intensity than shown in Figure 12, Figure 13 represents a radiation-intensity
record frequently obtained in the nozzle for the same driver and driven-tube
conditions as Figure 12. The early time history of Figure 13(b) is similar to

that presented in Figure 12(b) (notice that the sensitivity of the nozzle
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radiation-intensity record has been increased from 2 mv/cm to 1 mv/cm), but
duration of the test-time plateau is substantially decreased from approxi-

mately 2604 sec to approximately 200 psec.

It should be noted that the driver-tube gas for all of the results pre-
sented above was hydrogen heated to 760°F and the driven-tube gas was air. The
possibility of hydrogen combustion which, if no impurities were present, would
probably not be detected by the photodiode in the reflected-shock reservoir
cannot be ruled out. Significantly, these two distinctively different nozzle
radiation-intensity records (Figure 12(b) and 13(b) were obtained with approxi-
mately equal regularity during the course of 35 experiments at this driver-and
driven-tube condition. In an effort to determine the cause of this radiation-
intensity spike, experiments were conducted with nitrogen as the driven-tube
gas and hydrogen as the driver-tube gas. These experiments are discussed in
more detail later in this report. However, the spike discussed above was not
observed in the nitrogen experiments. It is thus possible that combustion may
play a role in terminating the uniform nozzle flow. However, for the purposes
of the planned reaction-rate constant measurements, 200u sec of uniform flow
is more than sufficient time for obtaining the necessary microwave-interferometer
data. Thus the cause of the radiation-intensity spike that terminates the

uniform flow was not investigated further.

4.2 Radiation-Intensity Measurements in Reflected-Shock Reservoir

The question of the reproducibility of reflected-shock conditions and the
influence of the nozzle throat design on the reflected-shock test time is a
relevant one. The reflected-shock radiation-intensity measurements presented
in Figures 8, 12, 13 were obtained with the nozzle in place. Similar measure-
ments have been taken with a solid end wall and are reported in Reference 1. A
comparison between the reflected-shock test time with and without the nozzle
presented in Figure 14 illustrates the amount of experimental scatter experi-
enced. The mass flow through the nozzle was found to have no significant effect
on the reflected-shock test time. It was also found by comparing the radiation-
intensity measurements that the present nozzle throat had no influence on the

uniformity of the reflected-shock gasdynamics.
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5. NOZZLE BOUNDARY-LAYER GROWTH FOR RESERVOIR TEMPERATURE
OF 7800°K AND PRESSURE OF 3.74 ATM.

Detailed measurements were made of the boundary-layer growth on the
sidewall of the conical nozzle discussed in Section 2.1. Radial surveys of
pitot pressure and stagnation-point heat-transfer rate were obtained at several
axial stations as discussed in Section 2. Additionally, sidewall static
pressure and temperature were measured as a function of axial distance from the
throat. Typical results of the static-pressure measurements were reported in

Figure 5.

Figure 15 is typical of the pitot-pressure records obtained in the nozzle.
These particular results were obtained at an axial location 28-inches from the
throat and illustrate the radial symmetry of the nozzle flow within I3 inches
from centerline. The centerline pitot pressure reaches a plateau value within
a period of time approximately equal to the nozzle starting time reported in
Figure 9. The centerline pitot-pressure plateau remains for a period of approx-
imately 200 sec. The pressure measurements obtained at I3 inches from center-
line suggest that the flow at that location is not as uniform as it is on
centerline. Some insight into the problem can be obtained by studying the
radial pitot-pressure distribution presented in Figure 16, which illustrates
the relatively good radial symmetry of the flow, and noting that the peak in the
pitot-pressure distribution occurs near the I3 inch location. The presence of
these peaks is thought to be due to the interaction between the boundary layer
and the hypersonic flow as described by Poplawski,32 among others. For the
experimental conditions studied, the local Reynolds numbers are consistent with
those assumed in the study by Poplawski. The pitot-pressure record obtained
at 5 inches from centerline (note that this scope was triggered at a station
different from the other records of this figure) appears to attain a plateau
value in a somewhat shorter time than is required to reach a plateau value at
the centerline. This result was generally observed at this experimental condition
and is probably due to the substantially greater gas density near the wall

(radial density profile will be shown later) than at the centerline.
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Radial surveys of the stagnation-point heat-transfer rate were also
obtained at several axial locations as described in Section 2, Figure 17 is
typical of the radial profiles of heat-transfer rate. This result was obtained
at an axial location of 31 inches. Figure 4 presents typical data records of
the stagnation-point heat-transfer rate from which the profiles were deduced.
The radial distribution suggests a relatively uniform core flow followed by an
interaction region which is felt to be the result of the interaction between the

boundary layer and the inviscid free stream.

5.1 Boundary-Layer Velocity and Density Profiles

The radial distribution of pitot-pressure and stagnation-point heat-transfer
rate presented in Figures 16 and 17 can be used to deduce the radial velocity
profile. If it is assumed that the continuum flow stagnation-point heat-transfer

rate can be described by the relation33
3.7

0.5
iy =V—;= (0.&/6’)60—[3;) () )

and that the pitot pressure can be written as ( ¢ S.L. in Equation 1 is the

sea-level density)

2
/— _ 7 ?/—/ ,02&
A, = [7 7z \777 >} 7. (2
Then if Equation 1 is divided by the square root of Equation 2 one obtains

g Vg, (o b/’/) (u)Zﬁ

Y v——— [ - EL V+l ]05 0iyiﬁ‘ (3)
7-17

which, if the quantity [/- Zi (

7 /)] is assumed to be radially constant,
+

can be reduced to

. | a/v7 7

— = 4)

ug‘ (ZJ/ /3/ )@‘

21



Equation 4 was used in conjunction with the results presented in Figures 16
and 17 to deduce from the experimental data the velocity profile, (u/a?),
presented in Figure 18. The resulting velocity profile indicates a relatively
uniform velocity core followed by a significant velocity decrease consistent

with the boundary-layer flow.

By combining Equations (2) and (4), one obtains a relation for the

density distribution across the nozzle given by

5 A B ®

The radial density distribution was calculated from Equation (5) using the

results presented in Figures 16 and 18. A typical radial density distribution
is shown in Figure 19. For this particular experimental condition and location
in the nozzle, the density increases very rapidly near the wall to a value that
is approximately in order of magnitude greater than the centerline value. Since
the sidewall static pressure and sidewall temperature were measured, it is
relatively simple to relate the wall density to the centerline density if the
molecular weight is assumed to be frozen at the reservoir value. This proce-
dure was followed and the calculated wall-density ratio is compared to the
deduced density distribution in Figure 19. Relatively good agreement is achieved
between the calculated wall density and the value that would be obtained by
extrapolating the radial distribution to the wall. Equally good agreement was

obtained for each of the axial locations.

5.2 Comparison of Boundary-Layer Measurements with Theory

The displacement thickness, 4, , for axially-symmetric nozzle flow can be

calculated from the relation34
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The boundary-layer edge can be defined as that point at which the pitot pressure

begins to decrease, and thus all of the quantities necessary for the calculation

of the displacement thickness are available. It is important to note that the
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fluid-flow parameters used in this calculation have been obtained from experi-

mental measurements.

Figure 20 presents a comparison of the displacement thickness calculated
from Equation (6) with the turbulent boundary-layer theory of Burke and Wallace11
and the laminar boundary-layer correlation of Summers.14 In the following

paragraphs, a brief review of these theories is given.

Summers14 obtained convenient correlations for boundary-layer growth and
displacement-thickness growth based on experimental measurements obtained at
AEDC. His correlation parameter is a function of reservoir temperature and
pressure, cone angle, throat radius, and axial location in the nozzle. The
reservoir pressures of the AEDC experiments were comparable to those experienced
in the current work, but the corresponding reservoir temperatures were substan-
tially lower. The relatively good correlation between the boundary-layer
displacement thickness measured here and that predicted is interesting since
little similarity exists between the two facilities in which the experimental
data were obtained. Summers' data were obtained in the 18 inch LORHO wind tunnel
at AEDC (arc driven) and the current data were obtained in a pressure shock tube,

nozzle facility.

The Burke and Wallace11 technique is somewhat more difficult to apply since
a calculation of the inviscid-core gasdynamic variables is required. In their
work, the boundary-layer thickness and displacement thickness are correlated as
a function of a local Reynolds number computed using the Eckert35 reference
enthalpy method. Thus, from the calculation of the inviscid gasdynamics, a unit
Reynolds number is calculated as a function of inviscid area ratio. After
experimentally determining the displacement thickness at a given axial location,
the appropriate inviscid area ratio is determined which must then be used to
determine the Reynolds number used in their correlation. In order to apply the
correlation of Reference 11 to the current experimental data it was necessary

to extrapolate their results to lower Reynolds numbers.

A comparison between the experimentally determined boundary-layer thickness

and the prediction of the two theories is also presented in Figure 20. The
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experimental data points fall between the two predictions. In applying the
correlation of Burke and Wallace to this experimental condition, it was necessary
to separate the energy frozen in dissociation when computing the reference
enthalpy. Neither of the boundary-layer prediction techniques compares as well

with the experimental data as was shown for the displacement thickness.

5.3 Effective Inviscid Area Ratio

The inviscid area ratio at the various axial stations can be calculated from
the deduced boundary-layer displacement thickness and the known nozzle geometry.
The theoretical centerline pitot pressure can then be calculated (from Equation
(2)) as a function of inviscid area ratio from the results of a numerical

solution36’37

of the quasi-one-dimensional, inviscid flow of reacting-gas
mixtures. In this calculation, from an assumed equilibrium reservoir, the
vibrational and electronic degrees of freedom are assumed to remain in thermal
equilibrium with translation while the chemical reactions proceed at finite rates.
The results of such a comparison are presented in Figure 21. The agreement
between the experimental data and the theoretical prediction is excellent with
the exception of the data point at the greatest inviscid area ratio (axial
distance of 71 inches) from the throat. Lack of agreement at this location is
not surprising since it is at this location that the quasi-one-dimensional
approximation is expected to be least valid. An additional contribution to the
lack of correlation is that difficulty was encountered in accurately resolving
the pitot-pressure and stagnation-point heat-transfer profiles at this location

because of the large boundary-layer thickness.

Figure 22 illustrates that for this particular experimental condition, the
measured sidewall static pressure was significantly greater, at a given inviscid
area ratio, than the theoretical value. The displacement-thickness results
discussed above were used to determine the effective inviscid area ratio at
which the theoretical and experimental static pressures are compared. The data
presented in Figure 22 suggest the presence of a substantial normal pressure
gradient. At this experimental condition, the boundary layer is very thick
which may be a contributing factor to the discrepancy between measured and

theoretical sidewall pressure.
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6. NOZZLE BOUNDARY-LAYER GROWTH FOR RESERVOIR TEMPERATURE
OF 6830°K AND PRESSURE OF 25 ATM.

As previously noted, detailed boundary-layer measurements were also
obtained for a reflected-shock reservoir temperature of 6830°K and a pressure
of 25 atm. The displacement thickness and effective inviscid area ratio for
the expansion were deduced from the experimental pitot-pressure and stagnation-

point heat-transfer rate data using the method also outlined in Section 3.6.

Figure 23 presents a typical radial pitot-pressure distribution obtained
at an axial location 48 inches from the throat. The magnitude of the peak in
the pitot-pressure ‘distribution, which was discussed in Section 3.6, is
significantly reduced from what it was in the previous experiments. In fact,
the profiles taken at 28 and 38 inches did not illustrate a peak in the pitot
pressure. These profiles were very uniform across the inviscid core followed
by a rather sharp decrease in pressure. For this reservoir condition, the
local Reynolds numbers at comparable nozzle locations are significantly greater
than they were at the previous experimental condition. Further, the experi-
mentally determined boundary-layer thicknesses at comparable axial stations

were significantly smaller for this, a higher reservoir pressure condition.

The stagnation-point heat-transfer rate profile corresponding to the
pitot-pressure profile discussed above is shown in Figure 24. A relatively
uniform inviscid core is suggested by the measurements, followed by a rapid

reduction in heat-transfer rate within the boundary layer.

6.1 Boundary-Layer Velocity and Density Profiles

Figures 23 and 24 were used to obtain the velocity profile across the
nozzle radius presented in Figure 25. This velocity profile, which is charac-
teristic of those obtained at the remaining stations, is significantly more

full than profiles at the lower pressure experimental condition.

The radial-density distribution determined from the experimental data is

shown in Figure 26. The calculated density ratio at the wall is once again in
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reasonable agreement with an extrapolation of the radial profile. The density
gradient near the wall is substantially less than it was for the previous
experimental condition. This is not unexpected, since the free-stream density
is also greater than previously and, in addition, the boundary layer is sub-

stantially thinner.

6.2 Comparison of Boundary-Layer Measurements with Theory

By utilizing the results presented in Figures 25 and 26, the local boundary-
layer displacement thickness and inviscid area ratio were calculated. The
experimentally determined pitot pressure is compared with the theoretical quasi-
one-dimensional calculation in Figure 27. Once again, the agreement between
theory and experiment is good, with the exception of the data point at the
largest area ratio (71 inches from the throat). In this case, however, the
experimental data point at this station falls below the theory whereas, in the
previous case (see Figure 21), it was above the theory. Once again, the validity

of the one-dimensional-flow approximation is somewhat doubtful at this location.

For comparison purposes, the experimentally determined displacement thick-
ness and boundary-layer thickness are compared with the correlations of Burke
and Wallace11 and Summers14 in Figure 28. For this particular experimental
condition, the results of the two correlations are very nearly equal to each
other. Further, the experimental data are in good agreement with the two
predictions. Thus, it appears that either of the correlations predicts the

experimental data within the accuracy of the comparison.

In contrast to the previous experimental condition, the measured sidewall
static pressure was in good agreement with the theoretical value (from the
one-dimensional calculation previously discussed) at the corresponding inviscid
area ratio. Figure 29 illustrates this agreement and suggests the absence of

any pressure gradient normal to the wall in these experiments.
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7. EQUILIBRIUM-INTERFACE STUDIES

Experiments were conducted in the shock tube and in the nozzle at incident-
shock Mach numbers ranging from 7.3 to 12.2 in order to determine the range of
validity of the equilibrium-interface concept for shock-tunnel operation and
are reported in detail in Reference 21. The potential advantage of this tech-
nique of shock—tube’operation is the significant gain in reflected-shock
enthalpy that might be achieved. For this reason, the results of Reference 21
are pertinent to the material reported here and a brief summary is given here.
Copper23 used reflected-shock pressure measurements and the equilibrium inter-
face concept to conclude that for his experiment at an incident-shock Mach
number of 7.26, an equilibrium enthalpy could be realized that was approximately
1.5 times the enthalpy associated with the gas immediately after shock reflection.
On the basis of the pressure data alone similar gains appear to have been
achieved for both hydrogen and helium drivers in the present experiments. How-
ever, the accompanying radiation-intensity data show that the pressure data may
be misleading and that higher enthalpy levels may not have been achieved except
possibly in the case of the helium driver. Copper used a helium driver but
obtained no radiation-intensity data. It is not possible to use the present
data to support or disprove Copper's conclusion. In the following paragraphs
the experiments conducted in the shock tube and in the nozzle in order to assess

the validity of the equilibrium interface concept are discussed.

7.1 Shock-Tube Experiments

Conditions in the reflected-shock reservoir were investigated prior to the
study of fluid-flow characteristics of the nozzle flow. To this end, the
radiation-intensity and pressure characteristics of the reflected-shock
processed gas were studied over the entire range of incident-shock Mach numbers

of interest. Data were recorded (several milliseconds) after shock reflection.

Figure 30 illustrates the sidewall and end-wall radiation-intensity and
the end-wall pressure records obtained at the lowest incident-shock Mach number
of interest for the case of hydrogen driving air. The magnitude of the initial
pressure plateau shown in Fig. 30 (a) was always within a few percent of the
theoretical value of Feldman26. At this shock Mach number the character of the

reflected-shock radiation-intensity obtained at 3/4-inch from the end wall is
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very similar to the end-wall pressure record as can be seen by comparing Figures
30 (a), (b) and (c). This similarity between the pressure and radiation-
intensities shown in Figure 30 was only observed over a narrow range of incident
shock Mach numbers (7.3 to 8.5). The end-wall radiation-intensity record pre-
sented in Figure 30 (d) illustrates the characteristic linear rise after shock
reflection from the end wall which is consistent with an optically thin gas and
a reflected shock moving at a constant velocity away from the end wall. The
linear rise occurs with only slight irregularities for the entire duration of
the recording period. In subsequent data records presented here for higher
incident-shock Mach numbers the linear rise of the end-wall radiation-intensity
is terminated by a sharp decrease after approximately 200-400 «sec. Also
illustrated in Figure 30 (a) is the "pressure-dip" which, for this experimental
condition occurs at approximately 650 usec after shock reflection. A wave
diagram discussed later indicates that the dip is associated with reflection of
an expansion wave from the driver-driven gas interface even though for these

operating conditions the interface should have been near tailored.

At incident-shock Mach numbers greater than 8.5 the character of the
radiation-intensity history is no longer qualitatively similar to the end-wall
pressure when hydrogen is used as the driver gas. Specifically, a pressure increase
with a correspondingly greater enthalpy level (if the compression were isentropic)
was not accompanied by a corresponding increase in radiation-intensity. This
non-similarity became increasingly greater as the incident-shock Mach number
was increased and is illustrated in Figure 31 which presents the end-wall pressure
and radiation-intensity measurements for an incident shock Mach number of 12.2.

At this condition, it becomes obvious that at times greater than 200 xsec after
shock reflection, the radiation-intensity time history differs greatly from the
end-wall pressure time history. It appears that after 450 usec the gas tempera-
ture cannot be calculated from the pressure record as would be the case if the
equilibrium-interface concept were valid. As the pressure begins to increase
at 450 usec towards a second plateau the radiation-intensity actually begins

to decrease from a level that is already less than that corresponding to the
plateau immediately after shock reflection. These studies indicate that for a
hydrogen driver gas, at least, the equilibrium interface concept offers little
potential for achieving higher enthalpy levels than can be obtained from

conventional operation.
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Figure 32 is typical of the results obtained for helium driving air. For
this particular experimental condition the forementioned '"pressure-dip" is
present suggesting an under-tailored interface. Again, the initial end-wall
pressure plateau corresponds very nearly to the theoretical reflected shock
pressure. The most significant difference between the helium and hydrogen
experiments is that the reflected-shock radiation intensity appears to follow
the end-wall pressure if helium is used as the driver gas. On the basis of
these data, it is still not completely certain that the high-temperature gas
is chemically pure at times beyond the initial radiation-intensity plateau.

In contrast to the hydrogen results there is no indication to the contrary,
that is, that the high-temperature gas has been diluted by cold gas. However,
the line reversal measurements of Lapworth and Townsend38 provide sufficient
reason to be doubtful of the validity of the equilibrium-interface concept even
when helium is used to drive nitrogen. This marked effect of driver gas on the
behavior of the measurements of the reflected-shock processed gasdynamics was
observed in all cases where comparisons at equivalent incident shock Mach
numbers were made. It is important to note that the enthalpy level achieved

in the equilibrium interface region in the case of the helium driver operated
at the highest allowable pressure in this facility was significantly less than
that achieved immediately behind the reflected shock using a hydrogen driver at

the same driver pressure at an appropriately higher Mach number.

Several experiments were conducted in an effort to obtain some insight into
the cause of the '"pressure-dip'" referred to earlier. In the first of these,
helium instead of hydrogen was used to drive air (see Fig. 32). Comparison
of results obtained at comparable Mach numbers indicated that the helium does
not eliminate the dip but it does reduce its magnitude by a factor of

approximately 1.5.

The driven-tube gas was also varied and Figure 33 presents results obtained
for hydrogen driving nitrogen. However, for this particular shock-tube condition,
the '"pressure-dip" is not observed in the end-wall pressure data. The general
features of the radiation-intensity and end-wall pressure data are consistent
with the air experimeﬁts. The dip does not completely disappear when using
nitrogen since subsequent experiments were coriducted at increased incident-shock

Mach numbers and the "pressure-dip'" was observed. The magnitude of this dip
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was comparable to that measured in the case of helium driving air. The results
of the experiments discussed in this section suggest that it is the character
of the interface that is responsible for the '"pressure-dip'" and the limited
application of the equilibrium-interface concept. It is well known that the
interface is not ideal and that finite gradients of density and temperature

can exist.

A simple wave diagram shown in Fig. 34 was constructed from the experimental
results of Fig. 31 which were obtained for hydrogen driving air. The letters
adjacent to the data points of Fig. 34 are also given on Fig. 31 for reference
purposes. The solid lines on Fig. 34 have been faired through the data. Data
points a, g, and h were obtained from the end-wall pressure data where as the
remaining data were determined from the radiation-intensity data. Point d was
obtained from the end-wall radiation-intensity measurement by assuming that the
reflected shock moved away from the end wall at theoretical Velocity26 and
calculating the distance the shock would have moved in the time elapsed between
points a and d (see Fig. 31 (e)). The velocity of the wave d-e-f-g is within
10 percent of the calculated sonic velocity in the reflected-shock processed
gas. All of the diagnostics are consistent in suggesting the presence of the
expansion region shown on Fig. 34. The presence of such an expansion at this
Mach number is of course inconsistent with a real gas wave diagram calculation
which would have predicted d-e-f-g to be a shock wave. Such an expansion would
be possible if the interface gas, composed primarily of hydrogen, were locally
heated, thus drastically altering the local speed of sound. The energy necessary
for heating could come from several sources, among them being energy liberated

39’40. However, on the basis of the results

from hydrogen-oxygen combustion
presented it is obvious that the '"pressure-dip" cannot be completely explained
by the interface combustion postulate since it was also observed, but of

lesser magnitude, when nitrogen was driven by hydrogen and when air was driven
by helium. It is thus suggested that temperature or density gradients existing
in the interface region cause the dip and that interface combustion significantly

amplifies its magnitude.
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7.2 Nozzle Experiments

All of the results presented in Section 7.1 were obtained with a solid
shock-tube end wall, i.e., with no flow into the nozzle. The nozzle was

subsequently installed and the results presented in this section were obtained.

Figure 35 presents typical nozzle measurements for an incident-shock
Mach number of 9.9. It is interesting to observe that the nozzle radiation-
intensity, microwave-interferometer and Langmuir-probe measurements all show
similar features. The microwave interferometer and the photomultiplier tube
both give the same values for the duration of uniform flow at 21.5 inches
from the throat. The duration of uniform nozzle flow at the various locations
is of the same magnitude as the duration of uniform reflected-shock radiation-
intensity immediately after shock reflection. It was generally concluded that
a close similarity exists between the early time history of the reflected-
shock radiation intensity obtained 3/4-inch from the end wall and the time
history of the radiation-intensity, microwave interferometer and Langmuir-
probe measurements made in the nozzle. The electron density and radiation-
intensity data presented in Figure 35 illustrate that the period of uniform
nozzle flow is followed by an increase and subsequent decrease in both of
these quantities. However, there does not appear to be a significant period
of uniform electron density or radiation intensity corresponding to the

elevated temperature and pressure of the equilibrium-interface region.

Nozzle measurements were also obtained for hydrogen driving nitrogen and
are presented in Figure 36. The most significant difference between the
microwave-interferometer, Langmuir-probe and radiation-intensity data presented
in Figures 35 and 36 is the magnitude of the signal terminating the uniform
flow. The early-time character of the radiation-intensity records is similar.
The characteristics of the constant bias voltage Langmuir-probe records are
also similar except that the magnitude of the signal terminating the uniform-
flow period is substantially greater for the air experiments. The basic
difference in the two microwave-interferometer data records also occurs after
termination of the uniform nozzle-flow period. The late-time phase-shift data

of Figure 36(d) suggests a very rapidly changing plasma. Note that the general
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characteristics of the Langmuir-probe and radiation-intensity data records shown
in Figure 36(c) and (e) are similar to the reflected-shock radiation-intensity

data presented in the upper trace of Figure 36(a).

The characteristics of the radiation-intensity and electron-density
records after termination of the uniform-flow period were not always reproducible
as previously noted in Section 4.1. By contrast, the early-time histories
including that period defined as duration of uniform flow were very reproducible.
The composite results were consistent in suggesting that one should be very
careful in applying the equilibrium-interface concept to nozzle flows if
hydrogen is used as the driver-tube gas. For the hydrogen driver, no signifi-
cant period of uniform nozzle flow associated with the equilibrium-interface
region could be found. This is consistent with the result obtained in the
reflected-shock reservoir. Corresponding detailed nozzle measurements at
comparable Mach numbers could not be obtained for the helium driver because
of facility limitations. However, the results presented for the shock tube
only suggested that the equilibrium interface concept may have been valid

under some conditions for this driver gas.
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8. CONCLUSIONS

A detailed experimental study of the starting process and boundary-layer
growth in high-enthalpy, low-density nozzle flows has been described. Two
experimental conditions were studied. In the first, the incident-shock Mach
number was 16.50. The corresponding reflected-shock pressure and femperature
were 3.74 atm. and 7800°K, respectively. The incident-shock Mach number at
the second condition was 11.6. The corresponding reflected-shock pressure and

temperature were 25 atm. and 6830°K, respectively.

The time required to establish uniform flow at various axial locations
in the nozzle has been measured experimentally using several diagnostic
techniques. This time was found to increase approximately linearly with
axial distance from the nozzle throat. The results indicated that the pitot-
pressure, Langmuir-probe, microwave-interferometer, radiation-intensity,
sidewall pressure, and stagnation-point heat-transfer rate measurements are
all effective for determining the time required to establish uniform nozzle
flow. It is further suggested that at the initial nozzle pressures used the
starting process is dominated by an expansion fan and that disturbances prior

to the expansion fan consume only a small portion of the total starting time.

The duration of uniform flow at various axial locations was also measured
using the diagnostic techniques noted in the preceding paragraph. Radiation-
intensity, Langmuir-probe and microwave-interferometer measurements, which are
considered to be the best indicators of uniform flow, indicated time durations
significantly less than that deduced from the pitot-pressure measurements.
Stagnation-point heat-transfer rate measurements were found to be of little

value in determining the duration of uniform nozzle flow.

The experimentally determined velocity and density profiles were used to
obtain the boundary-layer displacement thickness growth and corresponding
effective inviscid area ratios. For both experimental conditions, the measured
pitot pressures were then compared to the results of a quasi-one-dimensional
nonequilibrium-expansion calculation and found to be in good agreement. It was

thus concluded that, for a significant portion of the nozzle, the one-dimensional
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flow approximation was reasonably valid. Comparison between the measured

and theoretical sidewall static pressure suggested that for the low-reservoir-
pressure experiment a significant normal pressure gradient was present. At
the higher reservoir pressure the measured and theoretical sidewall static
pressures were in excellent agreement. In the case of the higher reservoir-
pressure experiment, good agreement was found between the present experi-
mentally determined boundary layer and displacement-thickness growth and the
results of the Burke and Wallace11 prediction technique. For the low
reservoir-pressure experiment, the boundary-layer displacement thickness was
in good agreement with the prediction of Summers,14 but the boundary-layer

thickness was not.

The equilibrium-interface concept as applied to shock tube and shock-
tunnel flows was studied for Mach numbers ranging from 7.3 to 12.2. The
duration of uniform reflected-shock conditions was found to be confined to a
period of time immediately following shock reflection. The duration of
uniform flow at various nozzle locations was in general less than the duration
of this initial reflected-shock condition. When hydrogen was used as the
driver-tube gas, the Mach number range over which the eqﬁilibrium interface
concept appeared to be valid was very limited. Use of helium as the driver
gas resulted in a significant difference in the character of the reflected-
shock radiation intensity, which suggested the possible validity of the
concept. However, it was not feasible to make detailed measurements in the

nozzle because of the low signal levels.

The cause of the dip frequently observed in the reflected-shock end-
wall pressure was also investigated in some detail. The results suggest that
the dip is caused by the imperfect nature of the interface and amplified by the
presence of combustion. Both nitrogen and air were used as driven-tube gas
and either hydrogen or helium was used as the driver gas. The '"pressure-dip"
was found to be present to some degree for all combinations of driver and
driven tube gas. The magnitude of the dip was greatest when hot hydrogen was
used to drive air. A wave diagram constructed from the experimental data
suggested that the dip was the result of an expansion fan that is reflected

when the reflected shock interacts with this driver-driven gas interfacd.
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(a) CENTERLINE PITOT PRESSURE AT 28-INCHES (b) CENTERLINE PITOT PRESSURE AT 38-INCHES
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DRIVEN: 0.5 mmHg AIR
END-WALL MACH NO.: 16.5

i
o
0.068
psi/em

. et "Hll'l""'

T .
. DURATION OF HNA _+ﬁ

UNIFORM FLOW
. |

(c) CENTERLINE PITOT PRESSURE AT UB-INCHES (d) CENTERLINE PITOT PRESSURE AT 68~ INCHES
FROM MOZZLE THROAT FROM NOZZLE THROAT

Figure 3 PITOT-PRESSURE MEASUREMENTS ON CENTERLINE OF NOZZLE
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Figure U STAGNATION-POINT HEAT-TRANSFER RATE AT VARIOUS
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AXIAL DISTANCE FROM THROAT: 21.5-inches

Figure 5 SIDEWALL STATIC-PRESSURE MEASUREMENT IN NOZZLE
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DRIVER: 15,000 psi Hoy (760°F)
DRIVEN: 0.5 mmHg AIR
END-WALL MACH NO.: 16.5
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Figure 6 142 GHz MICROWAVE INTERFEROMETER DATA
AT 11.5-INCHES FROM NOZZLE THROAT
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(a) RADIATION INTENSITY AT 11.5 INCHES FROM NOZZLE THROAT

DRIVER: 15,000 psi H, (760°F) NOTE: "A" DENOTES INITIATION
DRIVEN: 0.5 mmlg AIR OF UNIFORM FLOW FROM

END-WALL MACH NO.: 16.5 INTEGRATION OF (u-a)

FIRST DISTURBANCE FROM AL~WAVE DATA

(b) RADIATION INSTENSITY AT 21.5 INCHES FROM NOZZLE THROAT

Figure 7 RADIATION-INTENSITY MEASUREMENTS NORMAL TO NOZZLE AXIS
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100 mv/cm

RADIATION INTENSITY %'INCH FROM END WALL

DRIVER: 15,000 psi H, (760°F)
DRIVEN: 0.5 mmHg AIR
END-WALL MACH NO.: 16.5

Figure 8 RADIATION INTENSITY NORMAL TO SHOCK-TUBE AXIS
IN REFLECTED-SHOCK RESERVOIR WITH NOZZLE
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INITIAL RADIATION PEAK

! {
i £
B

F

1 mv/em

(a) RADIATION INTENSITY FOR INITIAL NOZZLE PRESSURE OF 2 MICRONS

DRIVER: 4000 psi Ho (760°F)

DRIVEN: 10.0 mmHg AIR

END-WALL MACH NO.: 10.0

AX1AL DISTANCE FROM THROAT: 21.5 INCHES

1 mv/cm

(b) RADIATION INTENSITY FOR INITIAL NOZZLE PRESSURE OF 50 MICRONS

Figure 10 INFLUENCE OF INITIAL NOZZLE PRESSURE ON STARTING PROCESS
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DISTANCE FROM THROAT, INCHES

DURATION OF UNIFORM FLOW IN NOZZLE

Figure 11
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1 viem

(a) RADIATION INTENSITY AT-%*lNCH FROM END WALL
RADIATION INTENSITY AT 3%*INCHES FROM END WALL

DRIVER: 10,000 psi H, (760 °F)
DRIVEN: 10.0 mmHg AIR
END-WALL MACH NO.: 11.60

ARRIVAL OF INITIAL msruamc:’.
Bl FROM SIDEWALL PRESSURE DATA

‘-' NOTE: "A" DENOTES INITIATION
. OF UNIFORM FLOW FROM

INTEGRATION OF (u-a)

2 mv/cm I8

i ; |

(b) RADIATION INTENSITY IN NOZZLE AT 21.5-INCHES FROM THROAT

Figure 12 RADIATION-INTENSITY MEASUREMENTS NORMAL
TO AXIS IN SHOCK TUBE AND NOZZLE
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DURATION OF UN1FORM [
RESERVOIR

CA WMW%WMW““W«% e
G it T

|-

(a) RADIATION INTENSITY AT $-INCH FROM END WALL
RADIATION INTENSITY AT 31-INCHES FROM END WALL

DRIVER: 10,000 psi Hy (760 °F)
DRIVEN: 10.0 mmHg AIR
END-WALL MACH NO.: 1.6

... RS RS R

ARRIVAL OF INITIAL DISTURBANCE f3 . .
FROM_4¢ WAVE DATA B - 5
%
| L )Y . NOTE: "A"™ DENOTES INITIATION
B ; X OF UNIFORM FLOW FROM
i ' ' . INTEGRATION OF (u-a)
Al I

B | I DURATI \OF UNIFORM. FLoW 8
J,-«L-'Lr.'y,...?r—%nit : .sg..T 4__'_? TH‘}‘ﬁ_" L,«

| mv/cm

ARRIVAL OF !NIT]AL DISTURBANCE lm_;
FTOM SIDEWALL PRTifURE DATA

(b) RADIATION INTENSITY IN NOZZLE AT 21.5-INCHES FROM THROAT

Figure 13 RADIATION-INTENSITY MEASUREMENTS NORMAL TO AXIS
IN SHOCK TUBE AND NOZZLE
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0. 141
psifem

(a} PITOT PRESSURE ON CENTERLINE (b) PITOT PRESSURE AT -1.75-INCHES FROM CENTERLINE

PITOT PRESSURE AT +1.75-1HCHES FROM CENTERLINE

DRIVER: 15,000 psi Hy (760°F)

DRIVEN: 0.5 mmHg AIR

AXTAL DISTANCE FROM THROAT: 28 INCHES
END-WALL MACH NO.: 16,5

I NoTE: THIS RECORD TRIGGERED
DIFFERENT LOCATION
F1@8, 15 a,b,c.

(c) PITOT PRESSURE AT -3-INCHES FROM CENTERLINE

(d) PITOT PRESSURE AT +5~INCHES FROM CENTERLINE
PITOT PRESSURE AT +3-INCHES FROM CENTERLINE

Figure 15 RADIAL P{TOT-PRESSURE MEASUREMENTS IN NOZZLE
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DISTANCE FROM CENTERLINE, INCHES
Figure 16 RADIAL PITOT-PRESSURE DISTRIBUTION
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I B T T A B R R e f:;; ----------------
DRIVER: 15,000 psi H2 (760°F) ! : :

............................... ;
DRIVEN: 0.5 mmHg AIR 0/
END-WALL MACH NO.: 16.5 & & % ;2 .................
AXIAL DISTANCE FROM THROAT: 3i INCHESE ;;
: oL : : : ! //
/
%
Z
L

LOCAL ST.-PT. HT.-TR. / CENTERLINE ST.-PT. HT.-TR.

RO MU NN AN SRR NN SO o YN NS M S N

Ao I R /2

.................... USRS USRS SRR SSUNNN SR U © X SUSES SR (Z AN S

x 5 s 7 s

Lo N B

0! : i i : i : : : 8 i !
0 0.2 0.4 0.6 0.8 1.0

DISTANCE FROM CENTER LINE / LOCAL NOZZLE RADIUS

Figure 17 RADIAL STAGNATION-POINT HEAT-TRANSFER RATE DISTRIBUTION
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LOCAL DENSITY / CENTERLINE DENSITY, /3 /(

102
il DRIVER: 15,000 psi Hy (760°F) SR // /S S
i i DRIVEN: 0.5 mmHg AIR N ;23_“;",n";
| END-WALL MACH NO.: 16.5 : :j; ; :
""""" T AXIAL DISTANCE FROM THROAT: 3! INCHES™™ '“;zf'"‘T“““‘j
i | O CALCULATED FROM MEASURED DATA § ;;j | g
5 'FROM PITOT-PRESSURE RELAT ON: : % 22; | f
g[ﬁo/(@“)d:[pov/(Po ][(%)9 /um] Z
1o f ! 5 ’ j aé;:
”
__________ ;"","J“_“"_J"_""_J"_““"L_““HA"““_“7"_"",+"“_"“%_““"_;CALCULATED DENSITY
' ' o N o RATIO AT THE WALL
| , e ! , , / FROM EXPERIMENTAL
S s S S S S S STATIC PRESSURE DATA
......... 07
""""" e R S | ! ﬁ;'"g
- 7
o
o | 5 ; 2R
- 60 § % |
o°d A ? ° O ! 720
L el N
5 ¥ 2 . ;
O g E
5
H © /
.
o
%
/
/I
7
%
7
lo"l i f/,
0 0.2 0.4 0.6 0.8 1.0

DISTANCE FROM CENTERLINE / LOCAL NOZZLE RADIUS
Figure 19 RADIAL DENSITY DISTRIBUTION
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COMPARISON OF THEORETICAL AND EXPERIMENTAL PITOT PRESSURE IN NOZZLE

INVISCID AREA RATIO,

Figure 21
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STATIC PRESSURE/RESERVOIR PRESSURE, P/P_..

-3

107 pemee K
""" \
\
jo~4 S S SO
-5 S S I
lo atm : S - B .
-RESERVOIR TEMPERATURE: 7800 °k 4= N ,
kDRIVER: 15,000 psi Hy (760°F) i S TS S b
| DRIVEN: 0.5 mmHg AIR - \
: ONE-D IMENS1ONAL CALCULAT [ON \\\ i
é EXPER IMENTAL DATA \
AR \\
-6 : P
10
10! 102 103

INVISCID AREA RATIO, A/A*

Figure 22 COMPARISON OF THEORETICAL AND EXPERIMENTAL STATIC-PRESSURE
DISTRIBUTION IN NOZZLE
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PITOT PRESSURE/REFLECTED-SHOCK PRESSURE, Po'/P ¢

10-2

10-3

1o~4

0
<

..............

............

DRIVER:

DRIVEN:

END-WALL MACH NO.:
-------- - AXTAL DISTANCE FROM THROAT:

......................

10,000 psi H, (760°F)

10.0 mmHg AIR

1.6

.....................................

________

48 INCHES

.......................

......................

.......................................................

............................

.....

______

............................

___________

.............................

bomoonmamo

..........

0

0.2 0

o 0.6

0.8

DISTANCE FROM ¢ /LOCAL NOZZLE RAD1US, yIR
Figure 23 RADIAL PITOT-PRESSURE DISTRIBUTION IN NOZZLE
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DRIVER: 10,000 psi Hy (760°F) i P
_DRIVEN: 10.0 mmHg AIR RO USSR U 00000t U

END-WALL MACH NO.: 11.6 A ;j i
1.2 |- AXIAL DISTANCE FROM THROAT: 51 INCHES--—- - SR HE— §; ------ froroneered

+
i
i

ST.-PT. HT.-TR. RATE [ f ST.-PT. HT.-TR. RATE, ¢/4 ¢
o

O EXPERIMENTAL DATA

) : i | .
F it SR T demmmnaee B REEEETEEEES Fomm - Prmmmme oo e m ey R R Rl i abhhe pomenannany
. . v i . .

......................................................................................................................

. . V ' . i B .
: . i . i : . . :

0.8 |- A eemmees CU N S-SR PN PPy S SR
. . . 1 v . ’ ' +

. : H : ' . H H H
...................................................... I SR RN .........j
0.6 . ‘ : ! 4 ! 4 o 4

I : : j : . : : :
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. . : . . . :
. . . ' y . \
0 y : H H . . 3 .
.......... 2 S U NP
® R . . V v : :
; ‘ . . ' . H
: ! H ' H . 1
. . ) H ' f .
f
H
....................................... A R RS M P S
'
.
. . H . . H s
. . ' H B s ' . '
: . ' : . . H \
: ; ' . . : . 1
0.2 Brrmmrrmrhemem b BT F ]
? : fl ] f d
. : : : : : ) : d ‘
H . . ' i . H H
. . ) H H + '

0 0.2 0.4 0.6

DISTANCE FROM { / LOCAL NOZZLE RADIUS, y/R

Figure 24 RADIAL STAGNATION-POINT HEAT-TRANSFER RATE DISTRIBUTION IN NOZZLE
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LOCAL DENSITY / CENTER-LINE DENSITY, £ /(@ )§

102

L,
e,
/£
.
DRIVER: 10,000 psi H, (760°F) - E;% . ;
- _ DRIVEN: 10.0 mmHg AIR ] ;éﬁuuj _________ ]
END-WALL MACH NO.: 11.6 <;j ; g
[ {7 AXIAL DISTANCE FROM THROAT: 51 INCHES ™ /717
§ O CALCULATED FROM EXPERIMENTAL DATA ;;; | ;
! FROM PITOT-PRESSURE RELATION ;2; P
' a 2 |
L@ /(/00‘,)¢ = [PO'/(PO')Q] [(Um)¢ /(Um)] % ;
1! — s — ot A -
! ! i S R A '
e o\
5 | ; ) CALCULATED DENSITY
5 | ! / RATIO AT THE WALL
f : ; . FROM EXPERIMENTAL
i ; o O | / STATIC-PRESSURE
100 Qe @@ oo O -0 - -0 ) DATA
__________ S oN Yoo
NBRSRSS SSNRNNE Mhamn: a olg i
: i i ; : R /,/
5 i { ; i 10 ;jf |
L i o 7
A R ! 72
AR S N b 7 J
= ; ] s i 7 i
. | 7 §
]0"' i s : i » i i
0 0.2 0.4 0.6 0.8 1.0

DISTANCE FROM CENTER LINE / LOCAL NOZZLE RADIUS, y/R
Figure 26 RADIAL DENSITY DISTRIBUTION
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Figure 29 COMPARISON OF THEORETICAL AND EXPERIMENTAL STATIC-PRESSURE

IN NOZZLE
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(b) RADIATION INTENSITY §-INCH FROM END WALL
{a) END-WALL PRESSURE RADIATION iNTENSITY 3ﬁ71NcHE3 FROM END WALL

DRIVER: 800 psi H, (760°F)
DRIVEN: 10.0 mmHg AIR
END-WALL MACH NO.: 7.3

—— [

(c) RADIATION INTENSITY %-INCH FROM END WALL
RADIATION INTENSITY slu-lNCHES FROM END WALL (d) END-WALL RADIATION INTENSITY

Figure 30 REFLECTED-SHOCK MEASUREMENTS AT RELAT!VELY LOW MACH NUMBER
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(a) END-WALL PRESSURE (b) END WALL PRESSURE

200 usec
(C) RADIATION INTENSITY ‘?1 INCH FROM END WALL (d) RADIATION INTENSITY gq‘, INCH FROM END WALL
RADIATION INTENSITY 3& INCHES FROM END WALL RADIATION INTENSITY 3& INCHES FROM END WALL

DRIVER: 15,000 psi Hy (780°F)
DRIVEN:  10.0 mmHg AIR
END-WALL MACH NO.:  12.2

}-—; TIME ) ] sec

{e) END WALL RADIATION INTENSITY

Figure 31 SHOCK-TUBE MEASUREMENTS AT RELATIVELY HiGH MACH NUMBER
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(a) END-WALL PRESSURE (b) END~WALL RADIATION INTENSITY

DRIVER: 15,000 psi He (760°F)
DRIVEN: 10.0 mmHg AIR
END-WALL MACH NO. : 8.6

(c} RADIATION INTENSITY %'INCH FROM END WALL

RADIATION INTENSITY SlE-INCHES FROM END WALL

Figure 32 {NFLUENCE OF HELIUM DRIVER GAS ON REFLECTED-SHOCK GAS DYNAMICS
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(a) END-WALL PRESSURE (b) END-WALL PRESSURE

DRIVER: 6700 psi H, (760°F)
DRIVEN: 10.0 mmHg NITROGEN
END-WALL MACH NO. : 10.6

50 uisec
(c) RADIATION INTENSITY %—INCH FROM END WALL (d) RADIATION INTENSITY %—INCH FROM END WALL
RADIATION INTENSITY Sﬁ-INCHES FROM END WALL RADIATION INTENSITY 3&-|NCHES FROM END WALL

Figure 33 INFLUENCE OF DRIVEN-TUBE GAS ON REFLECTED-SHOCK MEASUREMENTS
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(a) RADIATION INTENSITY AT 11.5-INCHES FROM THROAT (b) RADIATION INTENSITY AT 21.5-INCHES FROM THROAT

DRIVER: %000 psi Hy (760°F)
DRIVEN: 10.0 mmHg AIR
END-WALL MACH NO.: 9.9

{c) 35GHz MICROWAVE INTERFEROMETER (d) LANGMUIR PROBE OUTPUT ACROSS 100.00
DATA AT 21.5-INCHES FROM THROAT RESISTOR AT 26.1-INCHES FROM THROAT
(+3 VOLT BIAS)

Figure 35 RADIATION INTENSITY AND ELECTRON DENSITY MEASUREMENTS IN NOZZLE
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3
(a) RADIATION INTENSITY §-INCH FROM END WALL
RADIATION INTENSITY 3&-1Nca£s FROM END WALL

DURATION OF
UNIFORM FLOW) A\

g
Y

i § 10,«,sc [ \‘/ "
(c) RADIATION INTENSITY AT 21,5-INCHES (d) 35 GHz M|ICROWAVE INTERFEROMETER DATA
FROM THROAT AT 21.5-INCHES FROM THROAT

cm i ” - M . DRIVER: 4000 psi Hy (760°F)
DRIVEN: 10.0 mmHg NITROGEN
END-WALL MACH NO. : 9.8

m&. TIME 1_00/,(,sec .

(e) CENTERLIRE LAHGMUIR PROBE OUTPUT (ACROSS 100()
RESISTOR) AT 26.4™ FROM THROAT (+3 VOLT BIAS)

Figure 36 INFLUENCE OF DRIVEN-TUBE GAS ON NOZZLE RADIATION
INTENSITY AND ELECTRON-DEMSITY MEASUREMENTS
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